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1. Introduction    
 
As we know, carbon nanotube (especially single-walled carbon nanotube: SWCNT) 
possesses outstanding properties such as high thermal conductivity, ultra high physical 
strength, durability, and so forth. Therefore, we expect SWCNT to be a candidate for future 
material that can realize all of our hopes. However, thinking about its application, the 
affinity for metal and/or the bonding to metal species are inevitably important problems 
and those still remain to be unsolved. If there are some discontinuities between SWCNT and 
metal species, these discontinuities must result in thermal resistance and electrical 
resistance; that mean we loose the reason and advantage of using SWCNT. If SWCNT can be 
coated with metal, some new properties may arise, but there is no guarantee that SWCNT 
can maintain its outstanding properties. These kinds of new approach for application have 
been partially reported experimentally; however, their mechanisms are not solved. For 
example, some metal species were deposited on single-walled carbon nanotube forests 
(Ishikawa et al., 2007) and an isolated single-walled carbon nanotube was coated by metals 
using e-beam (Zhang et al., 2000). But to investigate the properties of functionalized-
SWCNT (metal coated SWCNT) experimentally is extremely difficult. In this chapter 
molecular dynamics simulation (MD) easily tells us the answers for above-mentioned 
questions. 
The classical MD is merely solving the Newtonian equation according to the forces affected 
among atoms, but provided the potential function is appropriate, it gives us quite proper 
perspectives. In this chapter I mention how to build up the appropriate potential function 
and the coincidence with experimental results of metal deposition on SWCNT. Furthermore, 
I refer to the perspectives of physical properties of the functionalized-SWCNT. 
 
2. Computational methods 
 
2.1 Driving the potential function 
The Brenner potential was applied for carbon-carbon interaction and a classical many-body 
potential was applied for metal-metal and carbon-metal interactions as a function of the 
bond order potential. The parameter sets for nickel-nickel and carbon-nickel were derived as 
a function of coordination number  (Shibuta & Maruyama, 2007) while those for gold-gold 
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and carbon-gold were derived by density functional theory (DFT) calculations. Gaussian 03 
was employed in this study, and Becke’s three-parameter exchange functional with the Lee-
Yang-Parr correlation functional (B3LYP) (Beche, 1993 and Lee et al. 1998) was applied. The 
Los Alamos effective core potential with DZ (LANL2DZ) (Hay et al. 1985) was used as the 
basis set. 
Because the method for deriving parameters is similar to abovementioned paper, it is briefly 
explained here. First, we assume the symmetrical structure of Aux and AuCx clusters that 
means we do not take into account the Jahn-Teller distortion (Castro et al., 1997) and 
calculate their total energy. The binding energy is calculated by subtracting isolated energies 
from the total energy and dividing its result by the number of bonds, as shown in Eq. 1: 
atom S  (Å-1) De1 (eV) De2 (eV) CD Re1 (Å) Re2 (Å) CR R1 
(Å) 
R2 
(Å) 
FeFe* 1.3 1.2173 0.4155 0.8392 0.8730 2.627 0  2.7 3.2 
NiNi* 1.3 1.570 0.4217 1.0144 0.8268 2.4934 0.1096 0.3734 2.7 3.2 
TiTi 1.3 2.331 0.6500 0.2001 0.3700 3.819 2.411 0.2357 2.7 3.2 
AuAu 1.3 1.750 0.5290 1.3510 1.5251 3.3043 0.7573 0.2939 2.9 3.5 
 
atom De (eV) S  (Å-1) Re (Å) R1 (Å) R2 (Å) b  
FeC* 3.3249 1.3 1.5284 1.7304 2.7 3.0 0.0656 -0.4279 
NiC* 2.4673 1.3 1.8706 1.7628 2.7 3.0 0.0688 -0.5351 
TiC 3.6240 1.3 1.466 1.8000 2.7 3.0 0.0600 -0.5000 
AuC 2.1840 1.3 2.0745 1.9030 2.9 3.3 0.0970 -0.5350 
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 Fig. 1. Fitted potential curves from the lowest ground state derived by DFT calculation 
(Gaussian03, B3LYP/LANL2DZ). Dots show the binding energies, and the fitted curves are 
the bond order potential curves. In each case, various spin states are examined and their 
minimum values are employed. 
Table 1. Potential parameters for MD simulations 
 
  bisolateccisolatedmtotal NENEEDe /.min,.min,.min   (1) 
 
where  totalE .min denotes the total energy at a certain spin state,  isolatedmE .min, is the isolated energy for 
the metal,  cN  is the coordination number of carbon,  isolatecE .min,  is the isolated energy for carbon, 
and  bN  is the bond number. In each case, several spin states have been calculated, and their 
minimum values corresponding to some distance are employed for the fitting. The clusters 
might take various spin states, but we employ the spin state with the minimum energy. Figure 
1 shows the binding energies of gold-gold and carbon-gold derived from DFT calculation and 
fitted by the potential functions of the bond order potential shown in Eqs. (2–9). 
 
 Snapshot from x direction       Snapshot from y direction           Snapshot from z direction 
Fig. 3. Cluster configuration onto the flat CNT surface. The center of gravity of each cluster 
is above the center of the carbon nanotube or its hollow site. To express continuous 
deposition, some clusters are placed at distances of 10 Å vertically. 
fixed layer
temperature 
controlling 
layers
molecules
 Fig. 2. Surface consisting of a capped carbon nanotube. The calculated system consists of 6  
6 units (2880 atoms) and has dimensions of 60 Å  52 Å  60 Å. 
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where r denotes the distance between two atoms and VR and VA are the Morse-type 
potential (Morse, 1929) repulsion and attraction terms, respectively. Re represents the 
equilibrium bond length, and De is the potential depth at r = Re. S means the ratio of the 
effective repulsive and attractive terms. CiN  and MiN  are the coordination numbers, which 
are derived by using the cut-off function of  rf . All these parameters are shown in Table 1. 
 
2.2 Physical vapor deposition onto vertically aligned single-walled carbon nanotube 
The vertically aligned single-walled carbon nanotube (VA-SWCNT) surface is expressed by 
a capped short carbon nanotube with a (5, 5) chirality, as shown in Fig. 2. In this paper, the 
calculated system consists of 6  6 units with dimensions of 60 Å  52 Å  60 Å, and their 
configuration resembles the FCC lattice (111). Atoms interact with each other within their 
cut-off distances. The first layer is a fixed layer, while the second and third layers are 
temperature-controlling layers. These layers maintain their temperature by velocity scaling. 
The system has periodic boundary conditions in each direction and the velocity Verlet 
algorithm is employed. Assuming a realistic metal evaporation in a vacuum chamber, 
physical vapor deposition (PVD) onto a VA-SWCNT surface is expressed by the collision of 
each M13 cluster with small evaporation energy (kinetic energy, K.E.) of 10.0 meV. Each 
metal cluster is fully annealed above its melting point (Ni: 1400 K, Au: 1000 K) and set as 
shown in Fig. 3. The VA-SWCNT is also annealed at 300 K. The melting point of the bulk 
expressed by these bond order potentials is higher than these temperatures, but the M13 
cluster is very small and therefore its melting temperature is less than that of the bulk (Ni: 
1728 K, Au: 1338 K) (Kittel, 2004). 
 
2.3 Coating nanotube with metal 
The dimensions of the calculated system are 60 Å  100 Å  100 Å, and a periodic boundary 
condition is applied in each direction. As shown in Fig. 4, an isolated SWCNT is 60 Å in 
 
length with (5, 5) chirality; both its ends are fixed, and the next two layers works to control 
its temperature. Before coating this carbon nanotube with a metal, it is annealed at 300 K by 
velocity scaling technique. The molecules of the coating metal are expressed as M13 clusters; 
this expression is suitable for actual experiment because in the conventional metal 
evaporation process, the average metal particle size is approximately a few angstroms in 
diameter. This metal cluster is also fully annealed at 1200  1400 K; the annealing 
temperature is clearly higher than their melting temperature but less than their boiling 
temperature. The melting temperatures in the bulk form expressed by these potential 
parameters are approximately 1800  2000 K; however, in this paper, the metal clusters 
under study are too small to exhibit bulk properties. In order to achieve continuous metal 
evaporation coating, the fully annealed metal clusters are distributed at appropriate 
distances (15  20 Å) and made to collide with the carbon nanotube at low evaporation 
energy of 10 meV or 30 meV. 
 
3. Results and discussion 
3.1 PVD on VA-SWCNT surface 
The initial configuration of the metal clusters is above mentioned and shown in Fig. 3. Each 
cluster is placed just above the carbon nanotube, or its hollow site for expressing various 
collision models. In order to express continuous deposition, the clusters are placed at 
distances of 10 Å. Figure 5 shows the result of PVD onto a VA-SWNTs surface. In both cases, 
Fixed layer
Fixed layer
Temperature 
control layers
Temperature 
control layers
60 Å
 Fig. 4. Isolated single-walled carbon nanotube. The both ends are fixed layer and following 
two layers work to control the temperature. 
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some of the metal clusters collided with each other before arriving at the surface and formed 
a larger cluster, while others arrived at the surface without clustering. In the case of nickel 
deposition, irrespective of clustering, the deposited nickel atoms spread over the VA-
SWCNT surface and formed a smooth surface; however, in the case of gold clusters, small 
clusters of gold could spread over the VA-SWCNT surface, but large clusters could not, and 
they formed a grain-like structure. On comparing the potential curves of both metals, the 
equilibrium bond length is slightly different, but the binding energy appears to be almost 
similar. The point at which they differ the most is the potential depth at which their 
coordination number is one. The potential depth of gold suddenly decreases as the 
coordination number increases. This could be a reason for the formation of the grain-like 
structure, because the contact angle is closely related to the wettability, which is well 
explained by solid-liquid affinity (sl / l)  (Maruyama et al., 1998).  
According to their results the contact angle tends to become larger as the solid-liquid 
affinity becomes smaller. In the condensed phase the coordination number should be larger, 
so that the affinity becomes smaller comparing to that of nickel. The electron configuration 
of an isolated gold atom is [4f14, 5d10, 6s1] and that of a nickel atom is [3d8, 4s2]. Therefore, it 
is speculated that the number of electrons that greatly contribute to binding should be one 
for gold and more than two for nickel. The order of energy levels of 6s, 4f, and 5d are this 
order but they are not so far with each other; thus sometimes this order can be reversal for 
taking a closed shell. In case of gold the 4f-orbit and the 5d-orbit take a closed shell as they 
 (a) Deposition of nickel clusters. 
 (b) Deposition of gold clusters. 
Fig. 5. Metal PVD onto VA-SCNT surface. In both cases, small metal clusters collide with 
each other before arriving at the VA-SWCNT surface and form large clusters. The carbon 
atoms except for those in the fixed layer are hidden in the third figure to identify the metal 
atoms. 
 
are; therefore, lone electron is one. Thus, the gold atoms have a strong binding energy in the 
form of a dimmer. On the other hand, the nickel atom has some free electrons, so that their 
binding energy is smaller than that of the gold atom. Compared to nickel deposition, gold 
deposition may require stringent conditions to form a flat surface; however, this can be 
achieved by carrying out deposition under a high vacuum condition and at a low deposition 
rate. Small clusters of gold can spread over the VA-SWCNT surface, while some of the gold 
clusters collide with each other before arriving at the surface and form a grain-like structure; 
it is thus essential to avoid clustering. 
 
3.2 Coating 
Figure 6 shows the simulation result of continuous metal evaporation coating ((a) Ti, (b) Fe, 
(c) Ni, (d) Au). In this simulation, 24 M13 clusters were gently collided with one SWCNT. 
The impact direction was perpendicular to the axis of the carbon nanotube, and at each 
impact point, about four clusters collided simultaneously. In case of titanium and iron 
clusters (Fig. 6(a), (b)), the metal atoms seemed to firmly combine with carbon atoms; thus, 
the metal atoms entered the carbon nanotube and distorted its structure. The strong 
interaction between the metal atoms and carbon caused the structural deformation of the 
nanotube; moreover, the continuous impact in a short time for reducing the calculation load 
(10 ps/layer; usually 1-250 ms/layer in evaporation method for pure gold in experiment) 
resulted in unrealistic phenomena. In the case of nickel clusters (Fig. 6(c)), the nickel atoms 
      (a) Titanium                                                                  (b) Iron 
 
      (c) Nickel                                                                 (d) Gold 
Fig. 6. Continuous metal evaporation. Blue is metal atom, green is carbon atom with three 
bonds (sp2), orange is carbon atom with two bonds (one dangling bond), and red is carbon 
atom with one bond (two dangling bonds). 
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smoothly and seamlessly covered the carbon nanotube. The equilibrium position of the 
nickel atoms coincided with the center of the hexagonal carbon network. When the first 
nickel cluster collided with the carbon nanotube, a grain structure was temporarily formed; 
however, the nickel atoms immediately found a stable position and moved into it. Once they 
reached the equilibrium position, they remained stationary at this temperature. Next, the 
second cluster reached the surface, acquired a grain structure instantly, and then moved to 
the most stable site. When all the clusters reached the surface, the equilibrium position on 
the carbon network was saturated; therefore, the nickel clusters formed a second metal layer 
on the carbon nanotube. Even at this stage, the nickel atoms did not form a grain structure 
but formed a smooth and seamless layer. Figure 6(d) shows the result of gold cluster coating. 
According to Zhang et al., gold atoms form a grain structure and exhibit a highly 
discontinuous coating; however, according to our simulation, the gold atoms can be coated 
smoothly but discontinuously. The gold atoms initially formed a grain structure, as reported 
by Zhang et al.; this was because the gold clusters were accidentally concentrated in the 
same area on the carbon nanotube. This indicates that if the evaporation rate decreases or 
the experiment is conducted under a higher vacuum condition, the formation of a grain 
structure can be avoided. Zhang et al. explained this result in terms of the weak interaction 
between the gold atoms and the SWCNT. However, according to our DFT calculations, the 
binding energy of the Au-C bond is not low; on the contrary, it is slightly larger than the 
binding energy of the Au-Au bond. The value of the binding energy is not considered to be 
significant; however, the ratio of the binding energies, i.e., M - C / M - M, should be 
substantial. Because these condition each atom has many coordination number, the values of 
this ratio for titanium, iron, nickel, and gold are 2, 3, 1.5 (approximately), and 1 
(approximately), respectively. Thus, in the case of titanium and iron coating, the carbon 
atoms experience an outward pull and the nanotube structure gets deformed. In the case of 
nickel, a very smooth coating is achieved. On the other hand, in the case of gold, though the 
Au-C interaction is slightly stronger than the Au-Au interaction, a grain structure is formed. 
In some areas, the gold atoms are deposited smoothly but not seamlessly. The reason for this 
phenomenon is attributed to the equilibrium bond length. As mentioned above, the most 
stable site for the first layer metal atoms is the center of the hexagonal carbon network, of 
which diameter is 2.5 Å. Coincidently, the equilibrium bond lengths of nickel and iron are 
comparable, but that of gold is slightly greater (2.6-3.3 Å, depending on the coordination 
number). The gold atoms must have a shorter bond length so that they can get 
accommodated in the stable site of the carbon nanotube, thereby creating a discontinuous 
coating that reduces the distortion energy. Thus, even gold atoms can be coated smoothly, 
provided the distances between them is sufficient to reduce the distortion for each fragment 
of coating (in our simulation, the fragment of coatings is approximately 10-15 nm in length). 
Owing to the strong C-Ti and C-Fe interactions, the structure of the carbon nanotube is 
distorted under a high coating rate in our simulation. In order to confirm this, a lower 
coating rate is applied and the results are examined. In this case, each M13 cluster collides 
with the center of the carbon nanotube in a sequence. For the fully annealing, this sequential 
impact took an enough interval. Figure 7 shows this sequential impact of the metal clusters 
on the carbon nanotube. A full annealing duration for each impact step results in a smooth 
and continuous coating and no defects are observed in the carbon nanotube. A schematic 
diagram of the iron cluster impact is shown in Fig. 3(a). Similar to the nickel atom, the iron 
atom finds a stable position and moves into it. However, in this simulation, because each 
 
cluster reaches almost the same position, all the iron atoms do not spread over the surface 
but form a second layer. This can occur in the nickel system as well. When too many clusters 
arrive at the same point, each atom seeks the stable site and tends to move into it, but the 
temperature reduces before the diffusion is completed. As a result, the iron atoms form a 
second layer. A similar behavior is observed in titanium coating, as shown in Fig. 7 (b). 
However, in the case of titanium clusters, when the impact energy is small, a different 
phenomenon is observed. In our simulation, first three clusters were able to reach the 
(a) Sequential Fe coating. Totally six Fe13 clusters collide. 
(b) Sequential Ti coating. Totally three Ti13 clusters collide. 
(c) Sequential Au coating. Totally three Au13 clusters collide. 
Fig. 7. Sequential impacts of Fe, Ti, and Au cluster on the carbon nanotube surroundings 
with enough annealing duration after every impact. 
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number). The gold atoms must have a shorter bond length so that they can get 
accommodated in the stable site of the carbon nanotube, thereby creating a discontinuous 
coating that reduces the distortion energy. Thus, even gold atoms can be coated smoothly, 
provided the distances between them is sufficient to reduce the distortion for each fragment 
of coating (in our simulation, the fragment of coatings is approximately 10-15 nm in length). 
Owing to the strong C-Ti and C-Fe interactions, the structure of the carbon nanotube is 
distorted under a high coating rate in our simulation. In order to confirm this, a lower 
coating rate is applied and the results are examined. In this case, each M13 cluster collides 
with the center of the carbon nanotube in a sequence. For the fully annealing, this sequential 
impact took an enough interval. Figure 7 shows this sequential impact of the metal clusters 
on the carbon nanotube. A full annealing duration for each impact step results in a smooth 
and continuous coating and no defects are observed in the carbon nanotube. A schematic 
diagram of the iron cluster impact is shown in Fig. 3(a). Similar to the nickel atom, the iron 
atom finds a stable position and moves into it. However, in this simulation, because each 
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surface even at a low evaporation energy, but the next cluster could notreach. This can be 
attributed to the difference in the equilibrium bond lengths. According to Eq. 6, if the 
number of coordinates is sufficient, the equilibrium bond length must be equal to Re1 for the 
metal-metal potential and the metal-carbon equilibrium bond length is simply determined 
as a function of Re (Table 1). A comparison reveals that the difference in this value for the 
titanium coating system are larger than those for the iron coating system. This is because if 
there is a titanium layer on the carbon nanotube, the cluster having a small impact energy 
cannot overcome the repulsive energy. Thus, the cluster is reflected before it is attracted to 
the carbon atoms.  
 
This proves that at a high evaporation energy (e.g., 1 eV), the titanium cluster can arrive at 
the surface and produce a smooth coating. This might be a reason why the titanium coating 
is smoother than the nickel coating in the experimental results. [15] In the case of gold 
coating, as shown in Fig. 6(c), the first cluster was able to spread over the surface but the 
second and the third could not; therefore, they formed a grain structure. This indicates that 
if the gold cluster reaches the same place, as in the case of the experiment with a high 
deposition rate, the grain formation is not avoidable, as inferred from Fig. 7(d). From the 
point of wettability the contact angle is closely related to the wettability, which is mentioned 
above section explained by solid-liquid affinity (sl / l). According to their results the 
contact angle tends to become larger as the solid-liquid affinity becomes smaller that means 
the gold cluster tends to form a grain structure. 
 
3.3 Physical properties 
Figure 8 shows the stress-strain (force-strain) curves of coated and uncoated SWCNT. In this 
simulation one end of SWCNT was fixed and the other end was pulled  slowly enough to be 
annealed that avoid unintentionally breaking of SWCNT. Owing to the disturbance of 
perfect sp2 bonding of SWCNT, it might be easily expected that the physical strength 
becomes much weaker, but the decrease is not so large; or rather, the force constant becomes 
larger. The rupture is induced by metal atom that tends to take the bonds from the carbon. 
Because the bond length of carbon-metal is longer than that of carbon-carbon, the interaction 
between carbons becomes suddenly weaker than that of carbon-metal when the SWCNT 
pulled. 
 
Figure 9 indicates the thermal diffusivity of coated and uncoated SWCNT. The thermal 
diffusivity is derived by fitting the one-dimensional non-Fourier heat conduction equation 
with two relaxation timescales (1, 2) shown below equation. 
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The dominant heat carrier in SWCNT is phonon and this equation model is fully described 
in other’s paper (Shiomi & Maruyama, 2006). 
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metal-metal potential and the metal-carbon equilibrium bond length is simply determined 
as a function of Re (Table 1). A comparison reveals that the difference in this value for the 
titanium coating system are larger than those for the iron coating system. This is because if 
there is a titanium layer on the carbon nanotube, the cluster having a small impact energy 
cannot overcome the repulsive energy. Thus, the cluster is reflected before it is attracted to 
the carbon atoms.  
 
This proves that at a high evaporation energy (e.g., 1 eV), the titanium cluster can arrive at 
the surface and produce a smooth coating. This might be a reason why the titanium coating 
is smoother than the nickel coating in the experimental results. [15] In the case of gold 
coating, as shown in Fig. 6(c), the first cluster was able to spread over the surface but the 
second and the third could not; therefore, they formed a grain structure. This indicates that 
if the gold cluster reaches the same place, as in the case of the experiment with a high 
deposition rate, the grain formation is not avoidable, as inferred from Fig. 7(d). From the 
point of wettability the contact angle is closely related to the wettability, which is mentioned 
above section explained by solid-liquid affinity (sl / l). According to their results the 
contact angle tends to become larger as the solid-liquid affinity becomes smaller that means 
the gold cluster tends to form a grain structure. 
 
3.3 Physical properties 
Figure 8 shows the stress-strain (force-strain) curves of coated and uncoated SWCNT. In this 
simulation one end of SWCNT was fixed and the other end was pulled  slowly enough to be 
annealed that avoid unintentionally breaking of SWCNT. Owing to the disturbance of 
perfect sp2 bonding of SWCNT, it might be easily expected that the physical strength 
becomes much weaker, but the decrease is not so large; or rather, the force constant becomes 
larger. The rupture is induced by metal atom that tends to take the bonds from the carbon. 
Because the bond length of carbon-metal is longer than that of carbon-carbon, the interaction 
between carbons becomes suddenly weaker than that of carbon-metal when the SWCNT 
pulled. 
 
Figure 9 indicates the thermal diffusivity of coated and uncoated SWCNT. The thermal 
diffusivity is derived by fitting the one-dimensional non-Fourier heat conduction equation 
with two relaxation timescales (1, 2) shown below equation. 
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4. Conclusion 
In this chapter MD approach for CNT analysis was explained. The classical MD merely 
solves the Newtnian equation, but if the potential function is fully appropriate, the results 
must be convincive. In case of PVD and coating this simulation shows good agreement with 
the experimental results; on the other hand, for the physical properties, the adequate results 
are given and also the mechanism should become clear. 
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